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o

. DDUCTION

Project .. ©on i "+ nxperiment sponsored by Austral 0il

. Company, inz:.. :fov <., ™ xro <he U.S. Atomic Energy Commission,
“and the Depayr = =i 6l the .-¢. rior, with Program Management
‘provided by C..i “ronuclez2ry Corporatvion of Las Vegas, Nevada,

under contract tu sval. 15 purpose is to study the economic
and technical fess -7 " i+w «f using underground nuclear explosions
to stimulate prcductica of natural gas from the low productivity,
gas-bearing Mesaverde Formation in the Rulison field.

The nuclear explosive for Project Rulison was detonated sucess-
fully at 3:00 p.m. plus 0.1 seconds Mountain Daylight Time,
September 10, 1969, at a depth of 8431 feet below ground level
and was completely contained. Preliminary results indicate that
the Rulison device behaved about as expected; i.e., with a yield
of 40 = 2! KT. The wellhead of the emplacement well, Hayward
25-95A, is at an elevation of 8,154 feet above mean sea level
(MSL) and is located 1,976.31 feet east of west line and 1,813.19
feet north of south line of Section 25, Township 7 South, Range
95 West of 6th p.m., Garfield County, Colorado, which corresponds
to geodetic coordinates of longitude 107°, 56', 53" west and
latitude 39°, 24', 21" north. '



2. PURPOSE OF EVALUATION

This renort provides the 'equations necessary to foymv -~

jyﬁgtams,for future nuclear detcnaticns Lo wac cav 77
: cuea. Using these equations, it is possible 1o cpl.
“yrraxzcieave techniques to estimate the damage to be expected . om

suth expicsions. The formulae derived and the conclusions reacha?
in this report are those of CER and no concurrence by tue ~IT .
meant or implied.

The safety criteria presented are Lhose that were used by the
Atomic Energy Commission on the Rulison event. Their presentation
does not imply CER's concurrence. The observed effects from the
first Rulison detonation seem to indicate that the criteria are
overly restrictive and that some relaxation could be made without
increasing the safety hazard.




3. REGRESSION EQUATION DERIVATIONS

The equations shown in Appendix A are based on an analysis of
‘the data {(A»pendix B) recorced during the Rulison explosion.(?,?).

Only data frew “iara-rock" ccaticiis rere. used in the analysis,
no data fros o Twium” stations weye used. The data have bee..
edited as ... o oelinminceTe Joubtful and inconsistent datacs
1.~ Indepen:icny <eiculations of the recorded velocities were

made by il .5, Ccast and Geodetvic Survey and the Environ-
mental Resezwch Ceorporation. Wiren the computed results dif-
fered by more than 10 percent, the data were considered
doubtful and eliminated from thke analysis.

2. All stations with less than three components available for
analysis were excluded.

3. Station R-08 was inside the Mobil mine, a situation which
gives data that are subject to topographic effects; hence,
these data were eliminated.

4. Stations R26 and R27 were ‘located less than 1,000 feet apart
in the town of Rifle; however, there were significant vari-
ations in the data. Station R26 was selected as being the
most representative of a hard-rock station and data from
Station R27 were eliminated.

5. The same situation existed with Stations R12 and R13 in the

~+  town of De Beque. Station R12 was selected as being the most
representative of a hard-rock station situation and the data
from Station R13 were eliminated. Subsequent microtremor
surveys have confirmed the alluvium nature of Stations R27
and R13 justifying the elimination of their data from the
analysis. :

The equations resulting from this analysis of the Rulison data
will be valid for point source or single device events. Whether
or not these equations will hold for multi-device simultaneous
detonations is open to question. -

The analysis consisted of a linear '"'least square'" fitting of
" the data by a single line in the logarithmic domain. The results
are given in equation form in Appendix A and shown graphically
in Appendix C. In the course of the analysis, the data seemed
to split into two consistent sets with the split being at approx-
imately 22 km. If the regression equations are derived on the
basis of all the data from 0 to 296 km, the distant data (where
no damage is expected) have too much influence on the regression
analysis when compared with the .influence of the close-in points
where damage is expected. The use of the equations based on all
the data (A, Ay, Vi, V4, D), and D,) will give pessimistic pre-
dictions from 0 to approximately 10 km, optimistic predictions
from approximately 10 km to approximately 80 km, and pessimistic
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predictions beyond this distance. Therefore, it is recommended
that Equations A;, As, V., Vs, D2, and Ds be used for distances
of less than 22 km and that Equations Agj, As, V3, Vs, D;, and Dg
be used for distances greater than 22 km.




Once the decisiocrn . = cem Mawe - .. 4vcation, depith of
burial, yield, ana . of device, a seismic program can be
formulatea.

The type of device will (-.=ermine the “<csign yield and the maxi-
mum credible yield. Some types cf devic = have undergone more
testing hence the uncertainty in yie’ ' .s smaller. In the case
of the Rulison device the decign yield was 40 kt -and the maximum
credible yield was 60 kt. Other types of devices could decrease
the difference between the design yield and maximum credible
yield. Throughout the formulation of the seismic program the
safety criteria should be based on the peak horizontal component
of the acceleration predicted from the maximum credible yield.

By using the scaling formulae Ss, Se¢, and Ss, the new prediction
equations can be derived from the Rulison regression equations.
In these equations the subscript 1 refers to the parameters of
the proposed detonation and the subscript 2 refers to the Rulison
parameters. The equations needed are for both the peak vector
quantities and the peak horizontal components for the maximum
credible yield. o

The seismic effects program customarily used by the AEC invelves
dividing the area into several zones based on criteria which are
~values of the peak horizontal component of acceleration.

Zone 1

The first zone extends from the Emplacement Well (EW) out to a
radial distance where the peak horizontal component of accelera-
tion has attenuated to 0.3 g. Within this first zone a safety
plan appropriate to this degree of acc¢eleration should be pre-
pared, approved, and executed. In the case of the Rulison event
the plan for this zone called for evacuation of all non-detonation:
connected people from the area. In a few cases where families
remained in the zone, each was monitored by a Public Health Ser-
vice representative. In comparison with Rulison effects, this
criterion appears to be excessively restrictive and John A. Blume
& Associates has recommended that the AEC consider relaxing the
criterion. The Rulison effects seem to indicate that a value of
0.5 g to 0.7 g would be realistic.

Zone 2

'The second zone extends from Zone 1 out to a radial distance -
where the peak horizontal component of acceleration has atten-
uated to 0.1 g. Within this zone a safety plan appropriate to
this degree of acceleration should be prepared, approved, and
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executed. ¥or the Rulisen event the plan for this zone called

for 51} w2 to be. ox *<1dﬂ.anv structures at a distance no -
Lherl tw. e the sycucture helﬂht. in cases where thi< was
ooeninl o cave CEJ.La}:ﬁ that peopile were at ‘safe

..o the structur:s

The third zone includes Zones 1 and 2 and extends from the

EW out to a radial distance where the peak horizontal component
of acceleration has attenuated to 0.03 g. Within this zone it is
reasonable to expect some damage to structures, whereas outside
this zone the probability of damage to structures, while not
zero, is extremely small. Within this zone a careful structural
inventory should be prepared. This inventory documents the loca-
tion, condition, ownership, and value of structures in the zone
and is useful in: 1) identifying seismically sensitive structures
which require unusual precautions, and 2) cataloging postdetona-
tion damage claims. This inventory also forms a furidamental part
of any damage prediction technique. Where seismically sensitive
structures or situations exist, precautions should be taken to
avoid hazard to. people or damage to structures; i.e., evacuation
of the structures and/or bracing and predetonatlon repalr. In
areas which are prone to rock-, land-, and snowslides, special
precautions (such as roadblocks) should be taken. Workmen in
high places (linemen, steel workers, etc.) should be warned and,
where possible, should avoid working in these places during the
interval from detonation to ground motion passage. In cases
-where the motion might cause a psychological problem, special
precautions should be taken; e.g., evacuation of schools.

Zone 4

The fourth zone extends from the outer limit of Zone 3 out to a
‘radial distance where the peak horizontal acceleration has atten-
uated to 0.001 g. Outside this zone it is doubtful that the
motion from the detonation can be perceived by humans. While no
damage is expected outside of Zone 3, any structures in Zone 4
which are seismically sensitive should be identified and analyzed
and, if necessary, precautions should be taken to avoid hazard to
people or damage to structures; i.e., evacuation of the structures
and/or bracing and predetonation repair. In ‘areas which are prone
to rock-, land-, and snowslides, special precautions (such as
roadblocks) should be taken. Workmen in high places (linemen,
steel workers, etc.) should be warned and, where possible, should
avoid working in these places during .the 1nterval from detonation
to ground motion passage. In cases where the motion might cause a
psychological problem, spec1a1 precautions should be taken; e.g..,
evacuation of schools.




5. FREQUENCY PREDICTION

In the past, p,cdlcglons nave been made of the frequency conient
of the ground mctiorn by wmsans oF the pscudorelative velocity -
spectrum. (PSRV) with Y% percent damping. This empirical techniote
is based on assumptions hich may. or may not hold. These predic-
tions have been used mainly hy the structural. response contractor.
in estimating the risk to’ largp or seismic sensitive structures
in the area. Due to the uncertainties in the relatlonshlp of
motion to damage and the limited uses of this type of prediction
in the Rulison area, a simplified predlctlon technique appears
justified.

The following simple and inexpensive method is proposed for the
empirical prediction of frequency content.

Equation S, 1s used to scale Equatioﬁ A; to the given yield and
depth of burial. This scaled equation then can be used to calcu-
late the average pseudoabsolute acceleration (PSAA) at the

desired location. ThlS value of the average PSAA determines line

aa' on Figure 1.

‘Equation Sg is then used to scale Equation V; to the given yield
and depth of burial. Using this scaled equation the value of the
PSRV is calculated. This value determines line vv' on Figure 1.

A distance is now measured along vv' starting at the intersection
of aa' and vv' in the direction of increasing period and equal to
the distance between 0.2 and 0.3 seconds measured on the period
scale. This establishes point D which in turn establishes the
line dd' on the average relative displacement.

This method of prediction is strictly empirical and gives a much
simplified spectrum. In general, this simplified spectrum is
adequate for engineering purposes.
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6. DAMAGE PRELT D077

- This is an area in which wredicii~  capabiisiico ¢
mcare research 1s mecesczvy to do e the correl- . bBetw. -
"measured quantities (i.e., . .o o0 T 0 of motion,
vibration characteristics oz the St. ..o.:.ol  Lua.) and the
resulting damage. The methods develop. . .7 nresicl’ag & oge
have ranged from the extremely sinmple {i.e.. oo - g neaving
judgment) to the very complicates ¢!, o cooantral matrix

method). (%) It is difficult to justiify the uiize and expense
involved in the complicated methods due to the uncertainty in
the relationship of damage to motion; on the other hand, the
damage caused by nuclear explosions to date is.too small to form
an adequate basis for the sound engineering judgement method.

Two predictive techniques will be presented which are simple
and inexpensive. Admittedly, the data sample on which these
techniques are based is rather small but it is from moticn mea-
sured and damage claims paid resulting from the Rulison event.

The first method is based on the peak vector velocity. Using

the data from the Rulison detonation, a plot of peak vector
velocity versus the claim-building ratio (i.e., number of damage
claims paid per number of buildings in the locality) seems to
show a linear relationship on a log log scale (Figure 2). This
is a very small data sample upon which to base the relationship
of damage to peak vector velocity; however, an analysis of the
Bureau of Mines' data(*) shows a similar relationship (Figure 2)
but occurring at higher values of velocity. In every case, the
Bureau of Mines' velocity data was measured at the location
where damage occurred, whereas, in the Rulison data the velocity
was measured in one or, at most, two points and was assumed to
apply to the whole locality. In deeply incised intermontane
valleys, such as exist in this area, one can expect rapid lat-
eral changes in near-surface geology and hence rapid changes in
seismic response. An example of this is the De Beque case. In
this case Station No. 1 agrees reasonably well with the linear
relationship based on the Rulison data while Station No. 2, only
1000 feet away, is far more sensitive seismically and is much
closer to the Bureau of Mines' data. '

Since the regression equations are based on the hard-rock Rulison
data, the damage prediction should be based on the Rulison rela-
‘tionship, not the Bureau of Mines' relationship.

The damage prediction technique is as follows:

1. Using Equation V; or Equation V3 (depending upon the
distance from the EW), properly scaled to the new yield
and depth of burial (Equation S-6), determine the value
of the peak vector velocity expected at the location.

-9-
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. cial installations should be amalyzed

2. Using the linear relationship in Figure 2 determine the
claim- building ratio and multiply by the number of build-
ings. This gives the number of expected damage claims at
that location.

3. Multiply the expected number of cla1ms by $300 (the‘
average cost of Rulison claims) to determine the dollar
value of damage at that location.

4, Perform steps 1 through 3 for all locations and sum the
values. This gives the total value of the damage expected.

The second prediction technlque,_developed by M. Nadolski(%) at
Lawrence Livermore Laboratory (LLL) using data from the Salmon
event in Mississippi and Nevada Test Site data, is based upon
the predicted average PSAA. :

The technique is as follows:

1. Use Equation Ay properly'scaled to the new yield and
depth of burial (Equation Su) to predict the value of.
average PSAA expected.

2. Use Figure 3 (Nadolski-LLL relationship) to predict the
claim-building ratio expected from this value of PSAA.

3. Multiply the claim-building ratio by the number of build-
- ings to.obtain the number of expected claims.

4, Multlply the number of claims by §300 to obtain dollar
value of damage at th15 location. A 2

5. Sum these dollar value figures for all locations to
- arrive at the total expected damage cost.

It should be pointed- OUL that these damage predictions are
limited to the low-cost, low-rise. bu;ld1n0>'lyp3cal ot the
Rulison area and do not include any claim acrusting or admin-
istrative costs. Any'h'gh'rise buildinqs s nixsli-cost conmer-

| oo La fent soruoloaral
engimeering firn anu any predicted 44ﬂ""c i tu che valuss
obtained by the prediclicn wethods des: ifuzd zhives
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APPENDIX A

ESCALATION EQUATIONS
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SCALING EQUATIONS

"ineg for Yield Only

0,66 : T
Wy ' .
a; = ( 1) ©ap Sh

D d;

() :

Scaling for Yield and Depth of Burial

0,58 Where w is yield in kt

0,47 . W el )
A a, = (gf)' (%f a, and h is depth in ft.
. Sy
0,66 0,58 :
=-(EQJ (kl) L a, - Where k = h ,
wa| (ke | 350w/ 3
v 0,73 0,12 Ss
\' vy = (3—;—) (h;) Va2 : S¢
0,77 . 0,12
- Wi 1 ) .
el ) .
0,99 ‘h _0,33 . o
D d, = (¥f) \Hf) d, S
.87 « “0,33
= ( ) (ﬁ. \ d2 SSV

These equations hold whether the scallng is being done to the
peak vector, to the peak horizontal component, or to the PSAA
and PSRV. -

acceleration, either peak vector or‘peak horizontal compohent.

a:
v = veloc1ty, either peak vector or peak horizontal component.
d = displacement, either peak vector or peak horizontal component
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The derivation of th= #bi P e 2

1.
..2 )

Hence:

V)

3.

-1 a1 d
az az

0,47 0,99 ‘0,58 -0,33 1/2
1t Wi W) h1 _h1
fla ™ L (o™

The g - ex 7w . 707 Lcdlle.  lac. ’*‘placement have’
o

- ' HIR -
been dexriv.l 2r 7 and are O 58 and —O 33,

STESPEeCTivVE s

-Simple'ha'ne._: *'“1 s gsramocd To aescribe the ground

motion in the &l

51 I¢ regioin. Toid:z ‘mplies, in general, - -
that v = (agj

1/2

) B s

The yield exponents derived from NTS experlence are 0.66,
0.77, and 0.85 for acceleratlon, velocity, and dlsplace-
ment, respectlvely( ). The majority of these data come
from detonations at a scaled depth of burial of 350w’

If one requires the equations to reduce to these exponents
for depths of burial to the scaled depth, the exponents

for %ﬁ become 0.47, 0.73, and 0.99 for acceleration,
velocity,_and displacement, respectively.

There is an uncertainty in deriving the regression equations and
in scaling them to a new yield and depth of burial. The current
published data do not furnish information of the amount of this

uncertainty. AsS a result, to be conservative, a Safety factor of
" 2.5 to 1 over predicted valués of acceleration has been assumed
for the calculations involving safety of personnel or for damage
to high-value structures in the area. This assumption resulted:

from scaling the Gasbuggy data to the Rulison event and noting
that all of the Rulison data fell within a 2.5 to 1 band.
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0 to ¢Y6 Km

i

d
2. 0 to 22.8 knm
d

Displacement Vector

= 14.3R" 163 o = 1.21
3. 22.8»to,296 km Displacement Vector
d = 17.2R"1.7° o = 1.42
4. 0 to 296 km | Peak Horizontal Component
d = 9.25R 1.8 o = 1.45
5. 0 to 22.8 km Peék Horizontal Component
d = 6.24R .43 o = 1.29

22.8 km to 296 km

[«

Peak Horizontal Component

d = 10.2R 1.83 ' o = 1.50

d is in cm
R is in km
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22.8 km

{(~

\Y
4. 0 to 296 km

V -

S. 0 to 22.8 km

V=

6. 22.8 km to 296 km

v =
7.0 to 65 km

av.

v is in cm/sec
R is in km

VELOCITY EQUATIONS

Velocity Vectior

Velocity Vector
1564R°2.°°

Peak Horizontal
672R™ .3 "

Peak Horizontal
196R-f-“5v
| Peak Horizontal

1888R 2.17

PSRV = 994R !.82
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ACCELERATION EQUATZ "

1 O to 2826 Km e Co..TE
& = 63.,5R *-7°3
2 0 to 22.8 km Vectcr ..cceleration
a = 19.7R '.%" i.su
3. 22.8 to 296 knm Vector Acceleration
a = 139R72.3} o = 1.63
4. .O to 296 km ' Peak Horizontal Component
a = 36R 2.5 6 = 1.57
5. 0 .to 22L8 km Peak Horizontal Component
a = 9.05R"1."? . o = 1.35
6. 22.8 to 296 km Peak Horizontal Component
a = 107R72.30 o = 1.55
7. 0 'to 65 km AverageAPSAA

PSAA(g) = 28R71:5°

a is in g
R is in km
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APPENDIX B
EDITED RUEIS?N DATA
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DISPLACEMENT 7!

Dostvance . - vew.or oL

Lo : : USRI FPeun HOTIZOL.
Station Ne., . (km) - __ ment feomd somponent (cm)

RO3 6.2 0.856 o Toiv
RO2 ' 6.4 0.589 0.310C
R0O4 8.7 0.538 0.508
R25 10.6 0.236 - 0.218
R0O6 12.7 0.186 0.161
RO7 13.3 0.155 0.137
R26 - 20.2 0.106 0.0693
R12 . 22.8 0.0992 0.0777
R17 32.4 0.0557 0.0356
R18 ‘ 33.5 0.0413 0.0286
R19 40.4 0.0565 0.0494
R20 42.8 0.0343 0.0330
R28 56.2 0.0111 0.00957
RZ4 65.4 0.0122 0.0106
R48 66.8 0.0128 0.0110
R29 70.4 0.00900 0.00630
R43 75.2 0.00798 0.00798
R31 100.0 0.00426 0.00372
R30 _ . 100.0 0.0128 0.0117
R36 104.0 0.00437 0.00345
R38 : 127.0 0.00304 0.00260
R34 236.0 0.00225 - 0.00188
R41 296.0 0.00147 0.00141

Data from Reference 2.
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RO6
RO7
R26
R12
" R17
R18
R19
R20
R22

R28"

R24
R438
R29
R43
R31
R30
R36
-R38
R34
R41

i
|

.

8.
10.
12.
13.
20.
22.
32.
33,
40.

42,
55.
56.
65.
66.
70.
75.

100.

100.

104.

127.

236.

296.

Nt

Data from Reference 2.

0O .
o

COOCOCOONDROREINDSOD U 00N IO NN

VELOCITY DATA

Vec

(cm/sec)

26 .
14
14.

COOOOOCOOOOOOOOHOONWAUDMO®

tur

2
9
9

.27
.39
.85
.13
.20
.34

. 843
.918
.02
.160
.150
.365
.299
.104
.268
. 0785
.300
.0729
.0538
.0175
.0100

Peak . ST
Componciit {(cmisrc)

1
1

<

OO0 O0OO0OO0OOOCOOOOHKNAL W 0N

14
51
19
73

.731
.830
.950
.146
144
.293
.275
.099
.257
0612
.244
.0636
.0524
.0148
.00543




ACCELERATY ™ DATA

S e Yooty Foonler- Peak !'e-" 5o
Ount L i, Lwcaun (T) Compcnent {g)
| S L2 1 2n 0.630
EGZ o1 v.U27 0.352
R0O4 T 0.696 0.406
R25 _ 0.5 0.550 0.358
R0O6 2.7 0.345 0.338
RO7 13.3 0.194 0.149
R26 20.2 0.0962 0.0760
R12 22.8 0.102 0.0532
R17 - 32.4 0.0434 0.0353
R18 - 33.5 0.0307 0.0239
R19 40.4 0.0199 0.0190
R20 42.8 0.0375 0.0302
R22 " 55.4 0.00688 0.00655
R28 ‘ 56.2 0.00482 0.00442
R24 65.4 0.0158 0.0118
R48 ‘ 66.8 0.0113 0.00955
R29 70.4 0.00414 0.00406
R43 75.2 0.0113 0.0102
R31 100.0 0.00304 0.00275
R30 100.0 0.00895 0.00656
R36 104.0 0.00371 0.00273
‘R38 : 127.0 0.00177 0.00175
R34 236.0 0.000405 0.000355
0 0.000238 0

R41 296. .000134

Data from Reference 2.
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Eq. D4-0 TO 296 km, d
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Figure C-1.



PEAK HORIZONTAL COMPONENT DISPLACEMENT (cm)

Eq. Dg-0 TO 22km, d=

6.24 R™1-43

Eq. Dg-22 TO 296 km, d=10.2 R™}63
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Figure C-2.
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Peak horizontal displacement vs. slant
distance (0 to 22 km and 22 to 296 km)
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PEAK VECTOR DISPLACEMENT (cm)

Eq. D;- 0 TO 296 km, d=15.2 R™-67
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Figure C-3. Peak vector displacement vs. slant distance (0 to 296 km).
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PEAK VECTOR DISPLACEMENT. (cm)
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Eq. D2- 0 TO 22 km, d=14.3 R™1.65
Eq. D3g-22 TO 296 km, d =17.2 R~!.7°
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Figure C-4. Peak vector displacement vs. slant
distance (0 to 22 km and 22 to 296 km).
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Eq. V4-0 TO 296 km, v=672 R~!-94
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Figuré C-5. Peak horizontal component velocity vs. slant distance (0 to 296 km).
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Eq. V- O TO 22 km, v- 196 R™!.46
Eq. Vg =22 TO 296 km, v~ I888 R™2.17
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Figure C-6. Peak horizon.tal' component velocity vs. slant

distance (0 to 22 km and 22 to 296 km).
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€q. V, -0 YO 296%km, v:=9I16R™!-57
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Figure C-7. Peak vector velocity vs. slant distance (0 to 296 km).
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- Eq.V2-0 TO 22 km, v:=489R"}72
Eq. Vz- 22 TO 296 km, v = 1564 R-2:09
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Figure C-8. Peak vector velocity vs. slant distance (0 to 22 km and 22 to 296 km).




PEAK HORIZONTAL COMPONENT ACCELERATION (g)

Eq. A4z O TO 2SC km, o =36 R™2:08
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Figure C-9.
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Peak horizontal component acceleration
vs. slant distance (0 to 296 km).
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slant distance (0 to 22 km and 22 to 296 km).
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Eq.A;-0 TO 296 km, 0-63.5 R*2-13 . .
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Figure C-11. Peak vector acceleration vs. slant distance (0 to 296 km).
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Eq. A2-0 TO 22 km, o=19.7 R"I-69

Fo. A;—~22 TO 296 km, o =139 R~2:3!
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Figure C-12. Peak vector acceleration vs. slant
' distance (0 to 22 km and 22 to 296 km).
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Eq. A;,~O TO €5 km, PSAA (g):=28 R™!-89
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Figure C-1-3. Average PSAA vs. slant distance (0 to 65 km).
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